Abstract--Reactions of smectite with phenols were investigated to understand the role of clay minerals in abating transport of these organic pollutants to ground water. Sorption of o-methylphenol, o-chlorophenol, and m-methylphenol by the clay with different exchange cations was accomplished by passing phenol vapors in a slow stream of air or nitrogen through the samples. The resulting products, extracted with methanol and analyzed by using mass spectrometry, included monomers, dimers, trimers, and tetramers of the parent phenol and of the corresponding quinones, the oxidation product of the phenols. In extracts from the Fe-clay-phenol complexes formed in air, traces of the phenolic pentamers were also detected. Both sorption and polymerization were much higher in air than in nitrogen. The greatly reduced polymerization in nitrogen suggests that anaerobic environment of the landfill sites may facilitate phenol transport to ground water. The degree of polymerization and its magnitude was in the order Fe-> A1-> Ca-> Na-clay.
INTRODUCTION
Numerous investigations (Wauchope and Haque, 1971 ; Thompson and Moll, 1973; Saltzman and Yariv, 1975; Mortland and Halloran, 1976; Wang et al., 1978; Larsen and Hufnal, 1980; Isaacson and Sawhney, 1983; have shown that phenols are commonly polymerized on clay surfaces. Consequently, these compounds are strongly held by clays and soils. recently reported, however, concentrations as high as 4 ppm in ground water underneath a landfill site. Artiola-Fortuny and Fuller (1982) also noted that under saturated conditions phenols move fairly rapidly through soil columns. suggested that anaerobic conditions within the landfill may prevent sorption and polymerization of phenols on soil and clay surfaces, thus facilitating their transport to ground water. Indeed, the lack of polymerization of phenols in aqueous solution under nitrogen atmosphere has been observed in clays (Thompson and Moll, 1973) and in soils (Boyd, 1982) . The vapor phase is important in the transport of phenols and constitutes a simpler system than the aqueous phase, where water competes with phenols, for studying clay-phenol interactions and their products.
This report describes the sorption and polymerization of phenols in the vapor phase in air and nitrogen atmospheres, and identifies the reaction products by mass spectrometry. Na-, Ca-, AI-, and Fe-saturated smectites were prepared by three centrifuge washings of the clay fraction with a 0.1 N chloride solution of the respective cation, followed by three centrifuge washings with distilled water. The colloid was then dried at 100~ and ground to a fine powder using an agate mortar and pestle. Portions of the powdered clays (0.4 g) were placed in 2 x 0.5-in. glass columns, prepared from disposable pipets, and held in place with glass wool inserted into both ends of the column. The clays in the columns were dried again at 100~ to remove any adsorbed moisture. The columns were weighed and inserted into outlets in a glass tube manifold placed in an oven maintained at 50~ Vapors of the phenol in a U-tube also placed in the oven were passed through the columns in a slow stream of air or nitrogen. The entire arrangement is shown in Figure 1 . The columns were periodically removed from the manifold and weighed; the increase in weight gave the amount of phenol sorbed by the sample. Any water retained by the clay at 100~ and replaced by the phenol would only have resulted in under-estimation of the phenol sorbed. At the end of the experiment, the samples were flushed with the carrier gas for several hours to determine the extent of desorption of the phenols from the clays. Flushing the clay-phenol complexes produced no weight loss, indicating that the phenols were tightly sorbed onto the clays. The day-phenol complexes were analyzed by X-ray powder diffraction (XRD) using oriented specimens; a ~20-mg portion of the clay was suspended in 0.5 ml of water and air-dried on a glass slide. The basal spacing of the oriented clay was measured with a Norelco wideangle goniometer using CuKa radiation.
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The remaining portions of the clay-phenol complexes were then extracted with two, 5-ml centrifuge washings with methanol, and the methanol extracts were analyzed by mass spectrometry (MS) using a HP 5985 GC/MS system. Methanol washings remove essentially all the phenols from most clays. A 10-#1 aliquot of the extract contained in a capillary tube was placed directly into the MS probe and heated from 30 ~ to 300~ at a rate of 15~
The total ion spectrum for 0-800 mass units (m/e) was obtained for each sample. Mass spectra of the individual peaks within the total ion spectra were then obtained. These spectra gave the masses and relative abundance of ionic components of each individual peak, which included the parent phenol as well as their polymerized products. Figure 2 illustrates the sorption of o-methylphenol in air by smectite with Na, Ca, AI, and Fe on exchange sites. The shapes of the isotherms show that sorption was rapid initially and then appeared to level off for all samples after about 40 hr. Sorption was greatly influenced by the exchange cation and was much higher in air than in nitrogen. The Ca-saturated smectite sorbed the highest amount of the phenol, 17.2% by weight after 140 hr, whereas the Na-saturated smectite sorbed the lowest amount, 4.5%. The Fe-and Al-saturated samples sorbed intermediate amounts, 12.2% and 10.2%, respectively. Sorption of m-methylphenol and o-chlorophenol followed the same order, i.e., Ca-> Fe-> A1-> Na-saturated clay. The amounts of the phenols sorbed were in the order of their vapor pressures: o-chlorophenol > o-methylphenol > m-methylphenol. The greater sorption in air by the Ca-, than by the A1-and Fe-clays may be due to its larger interlayer spacings. XRD analysis showed a 15.5-~k d(001) spacing for the Ca-saturated clay and its phenol complex as compared to a 14-/~ spacing for the Fe-and Al-saturated clays and their complexes. All clay-phenol complexes, however, resisted collapse on heating at 100~ Thus, whereas greater interlayer sorption by Caclay was likely, neither the greater interlayer sorpfion nor the extent of this sorption in these complex systems could be established by XRD. Also, because sorption likely occurred in the interlayers as well as on the outer surfaces of clays, the basal diffraction peaks were broad and the higher order peaks were not well defined, possibly due to the formation of interstratified materials. In contrast to vapor-phase sorption, sorption of phenols from aqueous solutions followed in the order Fe-> A1-> Ca-> Na-saturated clay (Isaacson and Sawhney, 1983) . The amounts of phenols sorbed from the vapor phase were also much higher than the amounts sorbed from the aqueous phase for two reasons: (1) because the sorpfions in aqueous solutions were generally conducted at low concentrations which were limited by the solubility of the phenols; and (2) water competed with the phenols for the sorption surfaces on the clay.
RESULTS AND DISCUSSION
Sorption of phenols
The amounts ofo-methylphenol and o-chlorophenol sorbed in the nitrogen atmosphere were much less than the amounts sorbed in air (Table 1) . To illustrate the greatly reduced sorption in the nitrogen atmosphere, an isotherm for o-methylphenol sorpfion by Fe-saturated smectite in nitrogen is included in Figure 2 . The data in Table 1 show that whereas Fe-smectite sorbed as much as 12.2% o-methylphenol by weight in air, it sorbed only 0.75% in nitrogen. Similarly, Al-smectite sorbed 10.2% o-methylphenol in air and only 0.53% in nitrogen. Ca-and Na-smectites sorbed only traces (< 0.08%) of o-methylphenol in nitrogen. Just as in air, somewhat higher amounts of o-chlorophenol than o-methylphenol were sorbed in nitrogen (Table 1) .
The sorption of phenols in nitrogen followed the same order, Fe-> AI-> Ca-> Na-clay, as the sorption in aqueous solutions (Isaacson and Sawhney, 1983) . The higher sorption of phenols by Fe3+-clays than by the other clays may have been due to the fact that the exchange cation Fe 3+ produced phenol polymerization (see Thompson and Moll, 1973; Mortland and Halloran, 1976 ; and the results below).
Polymerization of phenols
Analyses of the methanol extracts of the clay-phenol complexes revealed that the products formed in the presence of air contained oligomers of phenols and of quinones, the oxidation products of phenols. Polymerization was inhibited or markedly reduced in the presence of nitrogen.
Based on the cbromatograms and the mass spectra, showing abundance of ions of different mass (m/e) comprising each of the chromatographic peaks, estimates of the various oligomers in the extracts from clay-phenol complexes were made (Table 2) as percentages of the total ions in the extract. The data (Table  2) show that the sorption of o-methytphenoI in air by Na-smectite produced only the phenol dimer (m/e = 214), sorption by Ca-smectite produced both the phenol dimer (m/e = 214) and the respective quinone dimet (m/e = 212), as well as the phenol trimer (m/e = 320) and tetramer (m/e = 426). Fe-smectite produced di-, tri-, and tetramers of phenols as well as of the three respective quinones with m/e = 212, 318, and 424. Polymerization occurred to a lesser extent in the A1-smectite than in the Fe-smectite system. Traces of the pentamer of o-methylphenol were also detected in the extracts from Fe-clay system. Methanol extracts of the interaction products of o-chlorophenol with different clay preparations in air also showed that the degree of polymerization as well as the amounts of the polymerized products were the largest in Fe-clay system. Generally, the extent of polymerization of the phenols occurred in the order Fe-> A1-> Ca-> Na-clay.
In addition to the polymerized species shown in Table 2, the extracts contained the parent phenols. The proportions of these monomeric forms in the extracts were the largest and varied from 20 to 33% of total ions. The extracts also contained components with smaller re~e, possibly fragmentation products of the phenolic compound and of ubiquitous contaminant phthalates. No polymerization of o-methylphenol occurred in the nitrogen atmosphere, except for small amounts of phenolic dimers. In contrast, appreciable polymerization of o-chlorophenol occurred in Fe-clay, but not in other clay preparations in nitrogen.
Polymerization of phenols, being an oxidation process, is favored in the presence of air and inhibited or reduced in nitrogen; hence, the observed greater sorption and polymerization in air than in nitrogen. However, the amounts of phenols sorbed in air, as compared to N2, are in large excess of the amounts of the polymerized products. The mechanism for this large sorption is not yet clear. Nevertheless, one possibility is that the polymerized phenols may form an organophilic surface layer. Consequently, increased phenol sorption by partitioning into the organic layer on smectite surface would occur. Thus, the lack of polymerization and sorption of phenols under anaerobic conditions in landfills may facilitate their movement to ground water . The primary mechanism of polymerization involves radical species. Clay surfaces, for example, may contribute hydroperoxyl radicals (0OH) from surface adsorbed oxygen by transfer of an electron from the structural cations, such as Fe 3 § (Larson and Hufnal, 1980) . Exchange cations have been shown to influence this polymerization (Isaacson and Sawhney, 1983) . In particular, transition metal cations, such as Fe 3+, on exchange sites can provide organic radical cations (Pinnavaia et aL, 1974; Mortland and Halloran, 1976) which can further enhance the degree of polymerization. Thus, Fe3+-ctay is more effective not only in the polymerization of phenols in the air but also in nitrogen.
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